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[1] Subtropical humidity plays a critical role in the radiative balance of the planet, and
there is a need for adequate description of the controls on water vapor distributions. This
study tests whether an advection-condensation model, combined with Rayleigh distillation,
can describe observed humidity and water vapor isotope ratios of the subtropical free
troposphere. A field campaign, from 9 October to 6 November, 2008, included continuous
in situ measurement of water vapor stable isotope ratios at the NOAA Mauna Loa
Observatory (MLO), Hawaii. Last saturation patterns for air at the MLO were determined
using both Lagrangian back-trajectory and Eulerian model techniques. Last saturation
occurs primarily along midlatitude storm tracks (�65%), and secondarily near Hawaii
(�10%) within mesoscale convective systems. Periods of lower dD values at MLO
correspond to extra-tropical last saturation, while elevated dD corresponds with saturation
locations near Hawaii. To a first order, the conditions of last saturation are found to set not
only the humidity but also the water vapor isotope ratio. In the absence of mixing,
reconstructed q and dD values underestimate the observations. Experimental
reconstructions demonstrate that variable amounts of mixing within the free troposphere
and about 2% vapor influx mixing per hour from the boundary layer can explain the
observed q and dD values. A last saturation model provides a reasonable description of
humidity and water vapor isotope ratios of the subtropical free troposphere and results are
sensitive to the treatment of mixing of air parcels last saturated in distinctly different
regions of the atmosphere.
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1. Introduction

[2] Stable isotopes of hydrogen and oxygen are tracers
of the atmospheric hydrologic cycle [Gat, 1996], and the
importance of subtropical humidity to Earth’s radiative bal-
ance is well documented [Hansen et al., 2005]. The present
study of subtropical humidity uses stable isotopes in the
context of a last saturation framework. The humidity of the

subtropical middle troposphere is, to a first order, a function
of the conditions at which the air was last saturated [Held
and Soden, 2000; Pierrehumbert et al., 2007]. The humid-
ity of the subtropical free troposphere has been quantita-
tively described in last saturation frameworks using both
Lagrangian and Eulerian reference frames [Cau et al., 2007;
Dessler and Minschwaner, 2007; Galewsky et al., 2005;
Sherwood, 1996]. Although the advection-condensation is
capable of explaining first order details of humidity as pro-
ducts of the large-scale circulation and temperature fields
[Pierrehumbert and Roca, 1998], it is limited in ability to
fully account for cloud processes and regional heterogeneity
in the water vapor field [Berkelhammer et al., 2012; Emanuel
and Pierrehumbert, 1996; Risi et al., 2012a, 2012b; Sun and
Lindzen, 1993; Wright et al., 2009].
[3] Like humidity, the isotopic composition of water vapor

in the dry subtropics depends not only on last saturation
conditions, but also on the degree to which parcels are mixed
from different regions of the atmosphere. By measuring and
studying water vapor stable isotope compositions in the
subtropical middle troposphere, aspects of the processes that
influence the humidity of this region can be constrained in
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ways that are not possible by measuring humidity alone
[Noone, 2012]. Specifically, the isotopic composition dif-
ferentiates vapor that has been exposed to mixing from vapor
from a pure distillation process, and in so doing, can provide
a test of the advection-condensation paradigm. A conceptual
view of the isotopic composition being described as a com-
bination of distillation combined with atmospheric mixing
has been confirmed by GCM studies of the zonal mean
[Noone, 2008] and in three dimensional idealized [Galewsky
and Hurley, 2010] experiments, yet it remains to be con-
firmed with observations. Noone et al. [2011] showed for
the case of Mauna Loa that the isotopic composition of dry
nighttime air is crudely consistent with a Rayleigh process
when the dew point temperature is significantly below freez-
ing. However, the neglect of either the condensation history
prior to ice formation and the influence of kinetic effects
during ice deposition places limits on the accuracy of a sim-
ple Rayleigh assumption [Cuffey and Vimeux, 2001; Jouzel
et al., 1987]. Nonetheless, the use of a simple temperature
constraint on a Rayleigh model provides a conceptually sat-
isfying extension of the traditional advection-condensation
models that relate the specific humidity (q) of sub-saturated
air to condensation history; colder last saturation corresponds
with drier air and vice versa. Given this expected relation-
ship, measurements of isotopic composition of water vapor
holds significant potential to provide additional quantitative
information with which to evaluate the “last saturation”
description of the humidity distribution in the subtropics
[Galewsky and Hurley, 2010; Noone et al., 2011].
[4] In the last decade, Earth observing satellites have

achieved the capability tomeasure a vertically integrated water
vapor isotope ratio [Brown et al., 2008; Payne et al., 2007;
Worden et al., 2007], but due to the nature of such satellite
observations, spatial and temporal resolutions are relatively
coarse, and accuracy is limited. Sayres et al. [2010] demon-
strated the usefulness of airborne measurement of water
vapor isotopic composition for understanding the mechanisms
that influence humidity of the tropical tropopause layer. Table-
top laser-based instruments are also becoming more readily
available, allowing for in situ continuous measurement
of water vapor stable isotope composition [Gupta et al., 2009;
Iannone et al., 2010; Lis et al., 2008]. This measurement
approach is more efficient, less labor intensive, than sample
collection with either a flask or cryogenic trap and subsequent
laboratory analysis with a mass spectrometer [Johnson et al.,
2011]. Here, we focus on the results of the laser-based com-
ponent of a field campaign of stable isotope measurements,
which included the continuous in situ laser measurements as
well as daily to sub-daily conventional flask and cryogenic
trap sampling [Johnson et al., 2011; Noone et al., 2011].
[5] In this study, an Eulerian and a Lagrangian last satu-

ration model, are used to simulate and reconstruct q and water
vapor hydrogen isotope ratios. Advection-condensation mod-
els are used to characterize a month-long time series of
nighttime observations measured from the north Pacific sub-
tropical free troposphere near the summit of Mauna Loa,
Hawaii [Noone et al., 2011]. The regions where air parcels
observed at Mauna Loa are saturated upstream are identified
and the water vapor isotope composition of the subtropical
free troposphere is explained in terms of the large-scale

advection-condensation hypothesis. We assess the role of
mixing on subtropical humidity and stable isotope composi-
tion through experiments where we use the advection-
condensation model, and vary the amount of mixing, to
reconstruct the observed time series of nighttime isotope
ratios. Two varieties ofmixing are considered; air massmixing
within the free troposphere and mixing of evaporated source
water from the surface.

2. Data and Models

2.1. Observations at MLO

[6] Continuous measurements of water vapor stable iso-
tope compositions were made at the National Oceanic and
Atmospheric Administration’s (NOAA) Earth SystemResearch
Laboratory at Mauna Loa, Hawaii (Mauna Loa Observatory
[MLO]) [Noone et al., 2011]. References to dates and times
in this paper are local Hawaiian time, and all references are
in units of day of the year (DOY). The field campaign took
place from 9 October (DOY 283) to 6 November, 2008
(DOY 311). Water vapor mixing ratio and water vapor
hydrogen and oxygen isotope ratios were measured in the
ambient air approximately every six seconds with a Picarro
Incorporated Isotopic Water Vapor Analyzer (model L1002),
using Wavelength Scanned Cavity-Ring-down Spectroscopy
(WS-CRDS) [Gupta et al., 2009]. Mixing ratio and isotope
compositions were also measured every ten seconds with a
Los Gatos Research Incorporated Water Vapor Isotope Ana-
lyzer (model 908–0008), using off-axis cavity enhanced
spectroscopy. A discussion of the flask and cryogenic trap
sampling results is presented in Johnson et al. [2011].
[7] The laser-based techniques operate by passing an

infrared laser through a continuous stream of air in a pressure
and temperature controlled optical cell. On the basis of the
absorptivity at specific wavelengths characteristic of the
different isotopologues of water, the mole fraction concen-
tration of each isotopologue can be computed. The data are
reported in conventional delta notation (d), where,

d ¼ Rsample=Rstandard

� ��1
� �� 1000; ð1Þ

in units of parts per thousand (per mil [‰]). R is the ratio of
heavy to light isotope. For hydrogen, the heavy and light
isotopes are deuterium (D) and hydrogen (H), and the stan-
dardized isotope ratios are expressed as dD values. The
standard for both hydrogen and oxygen isotope ratios is
the Vienna Standard Mean Ocean Water (VSMOW) with
a defined value of 0.0‰. The precision reported for the
Picarro and Los Gatos instruments are 1‰ and 0.2‰, for
ranges of humidity mostly higher than the typical humidity
at MLO [Johnson et al., 2011]. The 6-s precision for the
Picarro instrument at between 500 and 10,000 ppmv H2O, as
observed at MLO is about 18‰ (see Noone et al. [2011] for
further discussion). All isotope measurements made during
the campaign were subsequently corrected to the VSMOW
scale by Johnson et al. [2011]. The corrections were made
to account for the laser-based instruments’ bias to underes-
timate the heavy to light isotope ratio when the water vapor
concentration is particularly low. For the purposes of
this study, Johnson et al.’s [2011] corrected versions of
both the Picarro and Los Gatos measurements are nearly
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indistinguishable from each other, and for simplicity we use
the corrected Picarro dD data, again focusing on nighttime
observations. The in situ oxygen isotope data could not be
bias-corrected because oxygen isotope ratios could not be
measured from the flask samples, therefore we focus on the
hydrogen isotope results.

2.2. Lagrangian Advection-Condensation Modeling

[8] For the Lagrangian advection-condensation perspective,
12,000 back-trajectories were calculated using the NOAA
Hybrid Single Particle Lagrangian Integrated Trajectory
Model (HYSPLIT) [Draxler and Hess, 1997]. Air parcels
were tracked in three dimensions along back-trajectories
launched from 100 grid points near MLO every six hours over
the course of the campaign period. In this way, a suite of 100
back-trajectories was computed for each six-hourly time step.
The latitude and longitude range of the trajectory launch
positions are 19.5�N to 20.25�N and 156.1�W to 154.85�W,
compared with 19.54�N and 155.6�W for the MLO. The alti-
tude range for the launch positions was 3395 to 3415 m (about
640 to 670 hPa), which is comparable to about the altitude of
3400 m and an average pressure level of about 680 hPa for the
MLO. The 6-hourly ERA-Interim reanalyses [Dee et al., 2011;
Simmons et al., 2007] for September, October, and November
2008 were used for the trajectory simulations. (We also com-
pleted a smaller set of back-trajectory calculations using the
NCEP-NCAR reanalyses [Kalnay et al., 1996] but found the
large-scale advection patterns to be consistent and we focus
primarily on the ERA-Interim calculations.) Vertical motions
were taken from the reanalysis output. Trajectories were run
backward for 10 days, as in Pfahl and Wernli [2008], tracking
position, temperature, humidity, precipitation, and relative
humidity each hour. We consider air parcels to have been last
saturated when they encounter the minimal absolute difference
between (i) specific humidity of the parcel, q, at the time of
launch, and (ii) saturation specific humidity (q*) along the
back-trajectory. This is similar to the technique of Cau et al.
[2007]. We then evaluated relative humidity between last
saturation and MLO. If relative humidity was found to
increase between last saturation and MLO, then the time and
position of maximum relative humidity encountered between
that last saturation and MLO was selected as the revised last
saturation condition. We found the mean change in q, between
last saturation and MLO, to be less than 0.1 g/kg suggesting
conservation since last saturation. We use this criterion rather
than a simple relative humidity threshold because parcels
rarely experience a relative humidity of 90 percent along these
Lagrangian back-trajectories and for some parcels, the relative
humidity does not exceed 80 percent over a 10-day tracking
period. This is not surprising as precipitation arises mainly
from the convective scheme, which can be triggered irre-
spective of the relative humidity at the grid scale. The specific
humidity reconstruction from a relative humidity based last
saturation threshold (not shown) is a qualitatively poorer
approximation of the observed specific humidity, compared
with the specific humidity reconstructed presented here. Once
the time and position of last saturation is identified, then we set
q, at the time of the parcel launch, equal to q* from the
HYSPLIT output, at the time and location of last saturation
along the back-trajectory. The isotope composition, at last
saturation, is calculated assuming Rayleigh fractionation up
from the lifting condensation level (LCL) to the time and

location of last saturation along the back-trajectory. For
Rayleigh fractionation throughout this paper, we assume that
air exiting at the top of the marine boundary layer has a
specific humidity that reflects the meridional distribution
of near-surface specific humidity, where specific humidity
ranges from about q = 35 g/kg in the tropics to about q = 1–
2 g/kg at the poles, and around 20 g/kg near Hawaii. The
hydrogen isotope ratio of the initial vapor is assumed to be
dDsrc = �90‰ and the air is considered lifted from the sur-
face dry adiabatically to the LCL of about 850 hPa.
[9] The Lagrangian model does not account for mixing of

air from various last saturation regions. To explore the role of
mixing, we add a contribution of marine boundary layer air to
the water vapor derived from the Lagrangian back-trajectory,
in a manner similar to the Eulerian model’s source tracer
(discussed below).

2.3. Eulerian Advection-Condensation Modeling

[10] For the Eulerian modeling, six-hourly NCEP Reanal-
ysis was used to drive an atmospheric tracer transport model
configured with a network of zonally symmetric last satura-
tion water vapor tracers, following the methods of Galewsky
et al. [2005] and Hurley and Galewsky [2010a]. The diag-
nostic simulation was conducted using the National Center
for Atmospheric Research Model for Atmospheric Transport
and Chemistry (MATCH) [Rasch et al., 1997]. The weather
for September through November 2008 was simulated and
September results are discarded as a model spin-up period.
We focus on last saturation probability (LSP [c]) results for
the field campaign that ran from early October to early
November. The tracer simulation was completed at a T62
horizontal grid and 28 pressure levels in the vertical as dic-
tated by the underlying NCEP wind and temperature fields
(see Galewsky et al. [2005] for details).
[11] The model operates such that upon saturation of a

grid point, when the relative humidity meets or exceeds
90 percent, the LSP for the tracer domain in which the grid
point resides is set to 1 [Galewsky et al., 2005]. The LSP for
all other tracer domains, for the grid point, are set to zero, and
the advection scheme redistributes LSPs between saturation
events. The resultant six-hourly time series of a tracer’s
concentrations, or LSPs, then represents the time variable
probability that air at the MLO was last saturated within the
tracer’s domain. The tracer domain network was configured
over the northern hemisphere, from latitude 10�S to 90�N.
All 100 tracer domains were zonally symmetric around the
globe and were 10� of latitude wide and 2 vertical pressure
levels deep. For each 10� of latitude, there were 10 vertically
stacked tracer domains from above the lowest model level up
to the tropopause. In addition to the water vapor tracer
domain network, which accounts for most of the air at MLO,
an extra tracer referred to as the source tracer handles water
that is evaporated from the surface, and is transported from
the boundary layer to the free troposphere, but that has not
yet encountered saturation. In this manner, we can account
for water vapor at MLO by two paths, either from air last
saturated within the free troposphere, or as water evaporated
from the surface but not yet processed through a cloud.
Convection in MATCH is parameterized with a deep cumu-
lus scheme [Zhang and McFarlane, 1995] that entrains and
detrains laterally but does not remove tracers during con-
densation in convection [Galewsky et al., 2005].
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2.4. Humidity and Isotope Reconstruction Calculations

[12] Water vapor mixing and isotope ratios for the air at the
MLO were reconstructed using both the Lagrangian and
Eulerian advection-condensation model results. This allows
for assessment of the influence that large-scale mixing and
circulation have on the temporal variability of water vapor
isotope and mixing ratios.
2.4.1. Lagrangian Calculations
[13] First, we reconstruct the time series for the amount of

water vapor at MLO, based on saturation conditions from
the Lagrangian back-trajectory simulations. For the back-
trajectory analysis, q at time t, q(t), is considered equal to the
sum of (i) q* along the back-trajectory at Lagrangian last
saturation q*lls and (ii) an amount of vapor mixed up from the
evaporative source of the marine boundary layer (qlsrc). q*lls
is calculated from the temperature and pressure fields taken
from the HYSPLIT output. The marine boundary layer vapor
(qlsrc = 20 g/kg), is assumed to be derived from an ocean of
around 20�C, it is then lifted dry adiabatically up to the LCL
at 850 hPa, and then moist adiabatically up to MLO at about
700 hPa. Here we assume that 1 percent of the vapor at MLO
comes from the marine boundary layer to MLO, per hour
since last saturation. By mixing as a function of the time since
last saturation we allow for more source vapor mixing for
trajectories that are longer in duration. We explore the
influence of variable amounts of mixing via a series of sen-
sitivity experiments.
[14] For reconstructing the time series of dD values at the

MLO, from the Lagrangian results, we combine HYSPLIT
results on last saturation conditions, with dD values calculated
for simple Rayleigh fractionation. dD at the MLO dD(t) is
computed as the mass-weighted combination of the hydrogen
isotope ratio modeled at the time and location of last satura-
tion and the hydrogen isotope ratio of the portion of vapor
contributed from the marine boundary layer. The method is
similar to that used to identify the isotope ratio of water in
the region of organized tropical convection associated
with the Madden-Julian Oscillation [Berkelhammer et al.,
2012]. The Lagrangian reconstruction of heavy to light iso-
tope ratio at MLO RMLO, is solved as

RMLO tð Þ ¼ 1� kð Þ � HDOllsð � þ k� HDOlsrc½ �ð Þ
� 1� kð Þ � H2Olls½ � þ k� H2Olsrc½ �ð Þ�1; ð2Þ

where the lls and lsrc subscripts indicate the Lagrangian last
saturation and source water (marine boundary layer vapor),
HDO and H2O are the heavy and light isotopologues, and k is
the fraction of water at MLO from the source or marine
boundary layer. For the ERA-Interim –based Lagrangian
reconstructionHDOlls andH2Olls from equation (2) represent
the sum of HDO and H2O values from the suite of 100 back-
trajectories calculated per each time step. Whereas, for the
NCEP –based Lagrangian reconstruction, HDOlls and H2Olls

represent the HDO and H2O values along a single trajectory.
2.4.2. Eulerian Calculations
[15] For the Eulerian humidity calculation, q(t) is calcu-

lated as a sum, across tracer domains i, of the product of the
LSP c, and the saturation specific humidity at Eulerian last
saturation tracer domains q*els, by

q tð Þ ¼ cesrc � qesrcð Þ þ
X

i
ci � q�i;els
� � ð3Þ

cesrc is the probability of contribution from the source vapor,
qesrc refers to the specific humidity of that water vapor
evaporated from the marine boundary and not processed
through a cloud. For the Eulerian model, the first term on the
right-hand side (cesrc � qesrc), is calculated by MATCH per
time step as a function of position. This technique for
reconstructing q from a LSP distribution for an Eulerian
network of last saturation tracer domains follows that of
Galewsky et al. [2005, 2007], and Hurley and Galewsky
[2010a]. q*els is calculated from the reanalysis temperature
and pressure.
[16] For reconstructing the time series of dD values at the

MLO, from the Eulerian results, we combine the last satu-
ration distribution results, with a suite of dD values calcu-
lated for each tracer domain assuming Rayleigh fractionation
from the LCL (850 hPa), up to each tracer domain. As
indicated earlier, the Eulerian reconstruction of dD at the
MLO implicitly does assume the air to be a product of
mixing of air from various last saturation regions. As such,
the hydrogen isotope ratio of water vapor at each time step
RMLO(t) is calculated following equations (5) and (6) from
Galewsky and Hurley [2010], by

RMLO tð Þ ¼ cesrc � HDOesrc½ � þ
X

i
ci � HDOi;els

� �� �

� cesrc � qesrc½ � þ
X

i
ci � q�i;els
� �� ��1

: ð4Þ

[17] The els and esrc subscripts refer to Eulerian last sat-
uration and marine boundary layer evaporative source water.
We assume Rayleigh fractionation associated with the den-
sity-weighted temperature of last saturation at tracer domain
i. As with the Lagrangian reconstruction, the initial marine
boundary layer vapor undergoes Rayleigh fractionation up
to the temperature and pressure of last saturation.
[18] To summarize our approach, we use both HYSPLIT

Lagrangian back-trajectories, and we use MATCH, with an
Eulerian water vapor tracer configuration, to identify last
saturation conditions for air at MLO. From both methods, we
are able to compute the water vapor mixing and stable isotope
ratios at MLO, compare them to observations, and under-
stand the processes that set these values. Differences between
the Eulerian and Lagrangian results can be considered to
reflect different treatments of advection, mixing, or physical
parameterization, such as representation of cloud processes.
We used the NCEP Reanalysis for the Eulerian simulation
and both the ERA-Interim Reanalysis and the NCEP
Reanalysis for the Lagrangian back-trajectory calculations.
Advection, or the large-scale flow does not significantly vary
over the Pacific during the measurement period between
the ERA-Interim and the NCEP Reanalysis (not shown)
(NOAA, Reanalysis Intercomparison and Observations, 2011,
http://reanalyses.org/atmosphere/pages?order=title&sort=desc).
Different representations of mixing account for differences
between our Eulerian and Lagrangian results. The Eulerian
based analysis explicitly mixes air from various last satura-
tion regions as well as from a source tracer that handles water
evaporated from the surface. The Lagrangian analysis based
on the ERA-Interim Reanalysis mixes air from a suite of
back-trajectories per time step, while our Lagrangian analysis
based on the NCEP Reanalysis does not include air mass
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mixing within the free troposphere and considers air to
have come from a single trajectory. Furthermore, for the
ERA-Interim –based analysis, we consider the influence of a
source-like tracer. Misrepresentation or absence of repre-
sentation of cloud processes influences both the Eulerian and
Lagrangian reconstructions and likely limits the ability to
accurately account for the details of the observations.

3. Results

3.1. Water Vapor Isotope Compositions

[19] Time series for the MLO field campaign water vapor
mixing ratios and dD values are shown in Figure 1 and are
examined in detail elsewhere [Johnson et al., 2011; Noone
et al., 2011; Worden et al., 2010]. The temporal patterns of
both water vapor mixing and isotope ratios are similar.
The patterns are characterized by diurnal cycles overprinted
upon longer period, temporal variability on the order of 2
to 7 days. The diurnal cycle captures the daytime lifting of the
top of the boundary layer, the trade wind inversion, and rel-
atively humid air with high dD values. During periods when
the overnight conditions at MLO are dry and dD values are
low, then the daily range of dD values is from �350‰ to
�100‰. During periods when the nighttime q is relatively
higher at MLO and the nighttime water vapor dD values are
also relatively higher, then the daily range in dD values at
MLO is smaller, about �200‰ to �120‰. The higher
daytime isotope ratios, on the order of�150‰ to�80‰, are
representative of the marine boundary layer and water vapor
recently evaporated from the ocean surface [Galewsky et al.,
2007; Sharp, 2006]. This has been determined in the case of
the MLO time series using a mixing line analysis [Noone
et al., 2011]. Diurnal cycles in the height of the trade wind

inversion are primarily related to radiative heating of cloud
tops [Brill and Albrecht, 1982] and at Hawaii, the diurnal
cycles are related to differential topographic heating.
[20] At night, the boundary layer and the trade wind

inversion at Hawaii relax to the typical oceanic boundary
layer conditions [Cao et al., 2007], and the air at the sam-
pling site is more representative of the middle troposphere.
The air is drier and the water vapor has low dD values. In
this paper we focus on the temporal variability, on the order
of about 2 to 7 days, of the nighttime humidity and isotope
composition. Two pronounced several-day periods define
the time series. The first of these is a dry period from about
days 290 to 294 with low dD values from about �400‰ to
�300‰. During the later period, about days 300 through
305, the water vapor mixing ratio at MLO is higher, and dD
values are higher, around �200‰. The former is associated
with approximately isentropic dry air advection from the
north-northeast, while the latter is associated with moist
convection near Hawaii [Noone et al., 2011]. Contrasting
these two distinctly different hydrologic regimes present a
useful quantitative test of the last saturation approach.
[21] Included in Figure 1 (solid lines) for comparison to

the observations are model output results for both q from the
NCEP Reanalysis and dD values from IsoGSM for a model
grid point nearest MLO, from the 700 hPa pressure level.
IsoGSM is an isotope enabled GCM that is nudged by NCEP
Reanalysis data and output is available for vapor and pre-
cipitation [Yoshimura et al., 2008]. The time series of q from
the IsoGSM output (not shown), for a grid point near MLO,
matches the NCEP data. Time series of q from the Reanal-
ysis match the observed longer period variability of humid-
ity at MLO, but the Reanalysis underestimates the observed
humidity during moist events, for instance from days 300 to
305. The Reanalysis does not spatially resolve the topo-
graphic feature of Hawaii and so even if the boundary layer
processes were well constrained in the vicinity of Hawaii, it
is not surprising that the observed diurnal cycle is not
reflected in the models. The underestimate of q during the
particularly moist event at days 300 to 305 is an example of
the limitations of moisture fields in the Reanalysis. This
likely reflects an inability of the models to either resolve
large-scale advection or represent convective processes that
would transport moisture from the boundary layer to MLO.
There are recognized biases in the NCEP Reanalysis q, as
radiosonde measurements are the only observations assimi-
lated into the q field [Dessler and Davis, 2010]. Time series
of the IsoGSM model output dD values do not match the
observations particularly well. The Pearson correlation
coefficient (r) was calculated from vectors of common
length interpolated from the time series of both the nighttime
observations and IsoGSM output. The correlation (r),
between observed and IsoGSM dD values, is 0.24. Differ-
ences between the observations made at MLO and the six-
hourly model output highlight the difference between model
results and in situ observations. Also, it is likely that the
correct set of cloud processes is not represented in IsoGSM,
and the moisture transport may be too dispersive [Risi et al.,
2010, 2012a]. Moistening of the middle troposphere from
mid-level clouds is commonly under-represented in single-
column and general circulation models [Chepfer et al., 2008;
Woolnough et al., 2010; Zhang et al., 2010].

Figure 1. (a) Water vapor mixing ratio; gray - in situ con-
tinuous measurements made at MLO with Picarro instru-
ment (corrected for bias by Johnson et al. [2011]),
overnight values in black, Reanalysis output for reference
(solid - ERA-Interim, dashed - NCEP). (b) Water vapor dD
values; gray and black symbols are in situ measurements
with color scheme as in Figure 1a, solid line - IsoGSM out-
put for a model grid point near MLO.
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[22] The distributions of these observations do not follow
a simple Rayleigh distribution. This result agrees with an
earlier study based on vertical profiles of isotope ratios near
MLO by Galewsky et al. [2007]. If we assume the water

vapor isotope ratio at MLO to be a function of moist adia-
batic lifting of a marine boundary layer vapor (q = 20 g/kg
and dD = �90‰) and Rayleigh fractionation up to the time-
variable temperature and pressure of the MLO (Figure 2),
the reconstructed dD values are too high by 100‰ to 200‰,
underestimate the range of observed dD values, and over-
estimate the humidity. This joint distribution of Rayleigh
fractionation-based dD and q values lie below a mixing line
connecting the subtropical marine boundary layer and the
extra-tropical upper troposphere. The discrepancy between
the observations and a simple Rayleigh fractionation-based
prediction further motivates our investigation to understand
the processes that determine the distribution of q and dD
values in the subtropical middle troposphere.

3.2. Lagrangian Back-Trajectories

[23] The horizontal distribution of last saturation along
back-trajectories (Figure 3) indicates that transport of dry air
to the MLO follows an anticyclonic pattern after saturation.
For readability, a representative subset of 120 trajectories is
shown in Figure 3, one for every 100 trajectories. The mean
time since last saturation is about 4.5 to 5 days. Most esti-
mated last saturation positions occur over the extra-tropical
north Pacific, regardless of the criteria for last saturation
threshold. This pattern of transport along an anticyclone tra-
jectory following saturation on the perimeter of the storm-
track associates the air at MLO to the midlatitude baroclinic
systems that migrate across the Pacific. These two regions,
the dry subtropical middle troposphere and the extra-tropical
storm track regions, are linked approximately by time-mean

Figure 2. Joint normalized probability distributions of q
and dD; observed over-night distribution (gray contours)
and the distribution predicted by a marine boundary layer
vapor having undergone Rayleigh fractionation up to the
time-variable temperature at MLO (black contours). Contour
intervals are 10%.

Figure 3. Lagrangian back-trajectories (solid gray lines) that terminate at last saturation (filled circles),
using ERA-Interim reanalysis. Contours are eddy kinetic energy (EKE) at 313 hPa, in units of m2 s�2.
First contour is 250 m2 s�2 and contour interval is 50 m2 s�2. EKE was calculated for September–Octo-
ber–November 2008. Gray-shading of the filled circles denotes the time, in days, since last saturation.
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surfaces of constant potential temperature, upon which bar-
oclinic eddies dehydrate air and transport it from their moist
adiabatic poleward leg to the subtropics. In addition to mid-
latitude storms, there is also a large cluster of last saturation
locations in the vicinity, east and south, of the Hawaiian
Islands. The vertical distribution of last saturation along
back-trajectories (Figure 4) shows that these near-Hawaiian
last saturation positions are also at an altitude near the MLO,
suggesting last saturation associated with mesoscale con-
vective systems. We further distinguish the last saturation
regimes using the NCEP Reanalysis model precipitation rate
fields (not shown). Eighty to ninety percent of the precipita-
tion total at the latitude of Hawaii across the Pacific is in the
form of model convective precipitation. North of about 40�N,
the Reanalysis convective precipitation accounts for less than
30% of the model precipitation rate.
[24] Low dD values during the relatively dry interval from

about days 290 to 294 correspond to trajectories that
encounter last saturation over the northeastern Pacific and
northwestern North America (Figure 5a). Last saturation
during this interval is associated with a westerly low-pressure
storm system that extends from the tropical central Pacific to
the northeast across the extra-tropical north Pacific. In con-
trast, high dD values during the relatively humid interval at
MLO from about days 300 to 305 correspond to trajectories
that encounter last saturation near Hawaii, within a mesoscale
convective system (Figure 5b). These back trajectories are in
qualitative agreement with the suite of back-trajectories
shown in Noone et al.’s [2011] Figure 10.
[25] The distribution of last saturation days (Figure 6)

from the Lagrangian analysis shows saturation is primarily
associated with a couple of events centered around day
286 and 302 (12 October and 28 October). Infrared satellite
images for these two saturation events are shown in the

backgrounds of Figures 5a and 5b. Saturation associated with
about day 286 typically occurs between 2 to 6 days along
back-trajectories, whereas saturation associated with about
day 302 occurs early along back-trajectories, within one or
two days. Saturation around day 286 occurs in the midlati-
tude storm activity over the northeast Pacific, while satura-
tion around day 302 occurs in near-Hawaiian mesoscale
convective activity.

3.3. Eulerian Last Saturation Probabilities

[26] The Eulerian modeling approach shows that about
97 percent of the air at the MLO was last saturated within the
free troposphere during the field campaign, and the 3 percent
remainder of air was from surface evaporation, in broad
agreement with the nighttime source estimates derived from
an isotope mixing model given by Noone et al. [2011].
Figure 7a shows the time-mean LSP distribution for refer-
ence air at the MLO. Color shading represents the likelihood
that air at the reference position was last saturated within the
tracer domain. The sum of LSPs for tracer domains north of
20�N and above 500 hPa indicates that about 65 percent of
the air at MLO was last saturated in the extra-tropical upper
troposphere, and about 10 percent of the air at MLO is last
saturated in the direct vicinity of Hawaii, between 10�N to
30�N and about 750 hPa up to 500 hPa.
[27] To identify last saturation regions associated with the

largest magnitude of temporal variability, the standard devi-
ation was calculated from the time series of LSP, for each
tracer domain. The standard deviation of LSP is greatest in
both the extra-tropical upper troposphere and near Hawaii in
the lower-middle troposphere (Figure 7b). Figure 8 shows
time series of LSP for those tracer domains with both the
greater time-mean LSPs and the greatest temporal standard
deviations. Periods of high over-night dD values at the MLO

Figure 4. Lagrangian back-trajectories (solid white lines) that terminate at last saturation (black circles),
using ERA-Interim reanalysis. Contours are zonal mean potential temperature (time mean for October–
November 2008), in units of degrees Kelvin with a 10-degree contour interval. Position of MLO is shown
by black star.

HURLEY ET AL.: A TEST OF ADVECTION-CONDENSATION MODEL D19118D19118

7 of 15



(days 300 to 305) correspond with greater LSP associated
with near-Hawaiian tracer domains. During periods of low
over-night dD values at the MLO (days 290 to 294), there is
greater LSP associated with the extra-tropical upper tropo-
sphere. These patterns of LSP are also evident in the time –
and Pacific - zonal mean distributions of LSP for discrete
time intervals (Figure 9). From days 290 to 294, there is
enhanced LSP associated with the extra-tropical upper
troposphere (Figure 9a), consistent with Lagrangian back-
trajectories that encounter last saturation in the extra-tropical
upper troposphere. From days 300 to 305, there is enhanced

near-Hawaiian LSP (Figure 9b), also consistent with the
Lagrangian back-trajectories that encounter last saturation
near-Hawaii. Mixing of air last saturated in distinctly differ-
ent regions is prevalent during this latter period when
humidity at MLO is relatively high and the air is a mixture of
not only parcels last saturated in the extra-tropical upper
troposphere, but also of parcels last saturated nearby in the
warmer and moister tropical lower troposphere, where water
vapor dD values are higher than they are in the extra-tropical
upper troposphere.

3.4. Humidity and Isotope Reconstructions

[28] Time series reconstructions of q are presented in
Figures 10b and 10c. Included in Figure 10c are both the
NCEP and ERA-Interim reanalysis-based Lagrangian recon-
structions for specific humidity. Time series curves for plus or
minus one standard deviation are included for the ERA-
Interim –based Lagrangian reconstruction (Figure 10c). The
Lagrangian reconstructions (Figure 10c) show much more
variability than the Eulerian reconstruction. Both reconstruc-
tions do capture such first order variability as the consistently
dry period from about days 290 to 294 and the higher humidity
period from days 300 to 305. The Eulerian reconstruction
(based on the NCEP Reanalysis) underestimates humidity
when the humidity at MLO is high, but captures the first order
patterns of temporal variability. This dry bias during the par-
ticularly moist event may reflect the shortcomings in the
Reanalysis humidity field that were discussed earlier (under-
representation of moistening by mid-level clouds). However,
the improved Lagrangian reconstruction with the higher-res-
olution ERA-Interim reanalysis, compared with the NCEP-
based reconstruction (Figure 10c), points to a bias related to
the resolution of the wind field. The resolution of horizontal
wind information limits predictions of small spatial and tem-
poral scale information on the humidity. Note that the q and
temperature used in the reconstructions are also from the ERA-
Interim and the temporal resolution of the back-trajectory
analysis conducted with ERA-Interim is greater than the tem-
poral resolution of the analysis with the NCEP Reanalyses.
The mean of the Lagrangian reconstructed values for q com-
pare well with the mean of the overnight observations (mid-
night to 0600 h); 4.1 g/kg Lagrangian reconstructed, versus
3.32 g/kg observed. Midnight to 0600 h local time is well
within the range identified by NOAA as when baseline con-
ditions prevail at MLO for the purpose of sampling back-
ground/tropospheric carbon dioxide [Tans and Thoning,
2008]. The mean of q from both the NCEP Reanalysis and
the Eulerian reconstruction (also based on the NCEP Reanal-
ysis) underestimate the observed mean; 2.10 g/kg Reanalysis
and 2.05 Eulerian reconstructed. Despite underestimating the
range of values for q at MLO, the Reanalysis and the Eulerian
based reconstructions have higher correlation coefficients to
the time series of overnight observations, than does the
Lagrangian reconstruction. Correlation coefficients (r) for
observed q, compared with q from both the ERA-Interim and
NCEP Reanalysis, and the Eulerian and Lagrangian –based
reconstructions are; r = 0.78 (ERA-Interim), r = 0.64 (NCEP),
r = 0.60 (Eulerian), and r = 0.44 (Lagrangian). As with the
Reanalysis, the Eulerian approach underestimates the humid
end of the range of observed q. The under-estimate of high-
humidity during convective periods at MLO supports the
notion that under-representation of moistening from mid-level

Figure 5. Lagrangian back-trajectories (solid lines, using
ERA-Interim reanalysis) plotted over Geostationary Opera-
tional Environmental Satellite (GOES) �11 infrared images
for a time-slice approximate to the time of last saturation,
(a) day 286 and (b) day 302. Trajectories terminate at loca-
tion of last saturation (filled black circles). Back-trajectories
plotted are those for the intervals from days 290 to 294
(Figure 5a), and days 300 to 305 (Figure 5b).
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clouds explains the discrepancy. The improved Lagrangian
reconstruction with a higher resolution wind field (ERA-
Interim versus NCEP, Figure 10c) does indicate that errors in
the wind field produce biases in the reconstructions.
[29] Time series of the isotope reconstructions are shown

in Figures 10e and 10f. As was done for the reconstructions
of q, in Figure 10f are both the NCEP and ERA-Interim
reanalysis-based Lagrangian reconstructions for dD values.
Time series curves for plus or minus one standard deviation
are included for the ERA-Interim –based Lagrangian recon-
struction (Figure 10f). The Lagrangian isotope reconstruction
overestimates the magnitude and frequency of variability.
The Eulerian (NCEP-based) reconstruction captures both
the magnitude and frequency of the variability of the over-
night dD values observed at the MLO. The correlation coef-
ficients between the overnight observed water vapor dD
values and both the Eulerian and Lagrangian –based recon-
structions are r = 0.63 and r = 0.47. For comparison, the
correlation between the IsoGSM output and the observations
is r = 0.24. The means of the observed, and both the Eulerian
and Lagrangian–based reconstructions are about; �249‰,
�242‰, and �234‰. Both models appear to capture the
first order details of the observations (i.e., the mean, the range,
and the 2 to 7 day variability). The Lagrangian reconstruction
has larger differences on shorter time-scales and appears to
overestimate the variability. The Eulerian MATCH time ser-
ies (Figures 10b and 10e) appears smoother, compared with
the Lagrangian time series (Figures 10c and 10f ) because
for the Eulerian approach, the LSPs are averaged across
tracer domains effectively smoothing the data. The Lagrangian
reconstructions, for both q and dD, based on the newer
and higher resolution ERA-Interim Reanalysis are notably
improved over the NCEP –based reconstructions meaning that
by lessening the error in the reanalysis wind fields, the bias
between observed and reconstructed values is reduced.

[30] The probability distributions of the Eulerian and
Lagrangian reconstructions are both plotted in the q versus
dD domain in Figure 11. For comparison, the distribution
of observed overnight values are also shown, as are a pair of
Rayleigh fractionation curves. Also shown in Figure 11 is
the joint distribution of NCEP q versus IsoGSM dD values
(Figure 11a). IsoGSM overestimates the observed dD values,
which is motivation for better understanding the processes
that influence subtropical water vapor isotope ratios in the
subtropical free troposphere. The Rayleigh curves were
constructed assuming an initial marine boundary layer vapor,
with dD = �90‰. Here, the initial q value for the Rayleigh
curves is dependent on the latitude-dependent q* at the
temperature of the LCL. For instance, the curves at the left
originate at the q* for saturation at a LCL temperature of
273�K and the curves at the right originate at the q* for a LCL
temperature of 298.5�K. The initial q* at LCL for each
Rayleigh curve is calculated from the Pacific-zonal and time-
mean (for the measurement period) temperature from the
Reanalysis. Because q* at the LCL varies as a function
latitude, distinct Rayleigh curves were calculated for each
ten degree of latitude across the Pacific. The two curves in
Figure 11 effectively represent Rayleigh fractionation, up
from the LCL to last saturation, in both the extra-tropical
storm-track region (50�N to 60�N) and near-Hawaii (10�N to
20�N). Most of the observed and reconstructed distribu-
tions are constrained by these Rayleigh curves [Noone et al.,
2011]. However, observed distributions during the most
humid period (days 300 to 305) lie below even the warmer
(right) Rayleigh curve. These observed isotope ratios for
these moist-period data may reflect the amount-effect and
enhanced fractionation associated with intense rainfall
near Hawaii. The dD values of heavy rainfall at tropical
latitudes are inversely related to the amount of precipitation
[Dansgaard, 1964; Risi et al., 2008]. Neither the Lagrangian

Figure 6. Histogram of the distribution of saturation events from the Lagrangian back-trajectory analysis,
for all days between day 283 and day 311. Saturation events are concentrated around day 286 (12 October)
and day 302 (28 October).
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nor the Eulerian reconstruction captures this detail of the
observations. This is not surprising given that the Reanalyses
do not resolve the observed higher humidity values. Addi-
tionally, neither reconstruction accounts for cloud physics
or localized detrainment, which are essential to resolve the
mechanisms affecting the water vapor isotope composition
[Bony et al., 2008; Lee and Fung, 2008; Moyer et al., 1996;
Risi et al., 2008; Sayres et al., 2010; Worden et al., 2007],
and which are limitations that bias them toward a result that is
representative of the large-scale circulation.
[31] Figure 11 shows filled star symbols to represent the

most likely distribution of observed q and dD values, and
square symbols for the reconstructed values. The most
commonly observed values of q and dD are centered about
2.6 g/kg and �268‰. The most frequent of the Eulerian
reconstructed values is centered at about 1.2 g/kg and
�284‰, and the most frequent value of the back-trajectory
–based reconstructed values is centered at about 2.9 g/kg and
�251‰. The Eulerian reconstruction underestimates both q
and dD, while the Lagrangian reconstruction overestimates

both q and dD. For higher humidity values (q > 2 g/kg), the
Lagrangian reconstruction more closely approximates the
observed q versus dD distributions. For low humidity values
(q � 1–2 g/kg), the observed range of dD values is from
�350‰ to less than �200‰, and this range is better
approximated by the Eulerian reconstruction. On the other
hand, Lagrangian reconstructed dD values range from about
�310‰ to �280‰ when q is less than 2 g/kg. The wide
range of observed dD values for q � 1.5 g/kg demonstrates
the usefulness of water vapor stable isotope ratios from the
subtropical free troposphere. Similarly, for dD � �200‰,
the observed range of q, though not continuous, is about an
order of magnitude (1 to 10 g/kg). This sort of data distri-
bution can be explained by a two-component mixing model,
whereby a mixing line connects two points from opposite
ends of a Rayleigh curve. This technique has been used to
explain satellite observations [Noone, 2012], the MLO
observations discussed here [Noone et al., 2011], and tested
in modeling studies, such as Galewsky and Hurley [2010].
Here, we consider the role of mixing in conjunction with last
saturation along Rayleigh curves to reconcile the recon-
structed time series with the observed distribution of q and
dD values.

3.5. Role of Mixing

[32] To explore the role of mixing, we experiment with
our last saturation model results. To reconcile results from
the two approaches we degrade the Eulerian reconstructions
to remove the role of mixing, and enhance the Lagrangian
model by adding a small external moisture sources. To be
clear, in the Eulerian mixing experiment, we reconstruct q
and dD values assuming all of the air at MLO is from the
tracer domain associated with the maximum LSP, to show
the influence of air mass mixing within the free troposphere.
In the Lagrangian mixing experiment, we test the sensitivity

Figure 7. (a) Eulerian time-mean probability of last satura-
tion. (b) Standard deviation of the probability of last satura-
tion time series, using NCEP reanalysis. Position of MLO is
shown by filled circles. Time series of last saturation proba-
bility are shown in Figure 8 for the four tracer domains (t26,
t37, t47, and t57) labeled in Figure 7b.

Figure 8. Time series of Eulerian last saturation probability
for air at MLO. Solid line - near-Hawaiian tracer domain
(t26); gray dashed, dotted, dash-dotted lines are for tracer
domains in the extra-tropical upper troposphere (t37, t47,
and t57). Tracer domain locations are shown in Figure 6.
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of the Lagrangian results to variable amounts of mixing or
influx of vapor from the marine boundary layer.
[33] In the first experiment, we assume that the water

vapor at MLO comes solely from the tracer domain associ-
ated with the maximum LSP in an attempt to reduce the
influence of mixing. Here we effectively set qMLO(t) and
dDMLO(t) equal to q* and dD at last saturation, from the
tracer domain with the maximum LSP per time step. By
doing so, we qualitatively assess the role of air mass mixing
in setting subtropical humidity and stable isotope ratios.
The result of this experiment (Figure 12) underestimates
the observed q by less than half and underestimates observed
dD values by about 100‰. The temporal pattern for q mat-
ches the observations (Figure 12a) and the correlation coef-
ficient between reconstructed and observed q is only slightly
reduced, from 0.60 to 0.55. However, the tracer domain
associated with the maximum LSP is typically at a high
altitude and latitude position and so does not yield as much

water vapor as is observed at MLO. In contrast, the correla-
tion coefficient between the reconstructed and observed dD
values drops from 0.63 to 0.36 when we consider only the
tracer domain associated with the maximum LSP. dD is
more difficult, than humidity, to simulate without air mass
mixing from various last saturation regions, which provides a
reminder that isotope ratio information principally responds
to differences in air mass history. Subtropical water vapor dD
is not solely a function of local temperature, can vary inde-
pendently of the local water vapor mixing ratio, and depends
on the distribution of different processes setting the upstream
isotopic composition. These include variations in air mass
transport, mixing, and cloud microphysical controls.
[34] In the second experiment, we assess the role of mix-

ing, from influx of vapor evaporated from the surface, by
varying the mixing parameter (k) in the Lagrangian recon-
structions and evaluate the resultant joint distribution of q
and dD values. Best fit curves are plotted in Figure 13 that
summarize q versus dD distributions for variable amounts of
mixing k. The form of the Lagrangian solution for q is
summarized by

qMLO ¼ 1� kð Þ � q�lls½ � þ k� qlsrc½ �; ð5Þ

where q*lls is the q* at Lagrangian last saturation along the
back-trajectory, qlsrc (20 g/kg) is the Lagrangian specific
humidity from the marine boundary layer, and k is the mixing
parameter. For dD, we follow equation (2), and vary the
value of k. The original Lagrangian reconstructions presented
in Figures 10 and 11 use k of 2 percent per hour (k = 0.02),
whereas in Figure 13, we vary k from 0 to 8 percent per hour.
This figure qualitatively depicts the role of mixing from the
source water, where the curve for k = 0 approximates a
Rayleigh curve and does not resemble the observations. This
distribution is not exactly a single Rayleigh curve because it
is a representation of mixing of air that was last saturated
along a variety of Rayleigh curves. Inclusion of mixing of
source water within the Lagrangian advection-condensation
scheme allows us to more closely match the observations.
Variable degrees of mixing can account for most of the
observed range of q and dD distributions, except for the most
humid observations, where dD observations are below the
Rayleigh curves. As discussed earlier, these most humid
observations could reflect moistening from mid-level clouds
by processes that are not well represented by GCMs, and
the hydrology of MATCH. From Figure 13, low q and dD
values are best approximated with nonzero mixing. This
prompted the use of the 2% mixing scenario for the recon-
structions presented in Figures 10 and 11. This confirms that
the advection-condensation approach, which posits that dry
air masses are isolated from one another, while imperfect
requires only a 2% per hour mixing of source vapor as a
function of time since last saturation to describe the humidity.
The isotopic information shows that mixing must be included
to adequately capture the water mass hydrological balance.

4. Discussion and Conclusions

[35] On time scales of 2–7 days, nighttime dD values on
Mauna Loa vary from about �300‰ to �200‰ and mixing
ratios vary from less than about 1 to about than 10 g/kg.

Figure 9. Time-mean of Eulerian last saturation probabili-
ties for periods (a) from days 290 to 294, and (b) days 300 to
305, using NCEP reanalysis. Reference air at MLO indicated
by white star. Lagrangian back-trajectories (solid white
lines, using ERA-Interim reanalysis) terminate at last satura-
tion (black circles).
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Periods of low humidity and dD values at MLO correspond
to enhanced LSP in midlatitude storms of the extra-tropical
upper troposphere. Whereas, periods of higher humidity and
dD values at MLO correspond to elevated LSP near Hawaii
associated with mesoscale convection. This result agrees
with recent field campaigns [Strong et al., 2007] that demon-
strate the relationship between vapor source and the time-
varying isotope composition. Discrepancies between observed
and reconstructed values for q and dD reflect the inability to
fully reconcile gridded model output with point observations.
Additionally, differences between observed and reconstructed
values include limitations of the advection-condensation par-
adigm to correctly account for moistening processes, such as
by cloud processes [Sherwood, 1999; Sherwood et al., 2010]
and mixing between otherwise isolated air masses [Noone
et al., 2011]. The results here highlight the role of mixing in
setting the water vapor stable isotope ratio of dry subtropical
air and furthermore provide insight to the role of mixing in
a way that is typically neglected in traditional advection-
condensation models. Although the implementation of a more
sophisticated Lagrangian approach could account for errors
and bias in parcel dispersion and track uncertainty [Emanuel
and Pierrehumbert, 1996] in ways that the model used here
does not, the result that mixing is required to reconcile the
Lagrangian view with the Eularian model and with observa-
tions is likely robust. From the experimental mixing recon-
structions (Figures 12 and 13), we have shown that an
advection-condensation scheme, together with a simple
Rayleigh model, does not match the observed joint distribu-
tion of q and dD values. However, when mixing is included,
both air mass mixing within the free troposphere and influx
mixing of evaporated vapor from the source water, then the
bias between observed and simulated values is reduced. This
mixing is highly parameterized and intended only to indicate

that mixing can play an important role. Lessening of errors in
the Reanalysis wind fields could also reduce the biases found
at Mauna Loa. This is suggested by the improved recon-
struction based on the more recent ERA-Interim Reanalysis
compared with the NCEP based reconstruction (Figures 10c
and 10f ).
[36] Findings and conclusions are limited here by the one-

month duration of our study. Having conducted the experi-
ment in boreal autumn, we might have expected last satura-
tion to be associated with midlatitude baroclinic activity
because the storm track is most active in the cold season. It is
not obvious what an LSP distribution might be for air at MLO
during the boreal warm season. Suppression of midlatitude
baroclinic activity during those months may yield enhanced
LSP near-Hawaii and water vapor with high dD values at
MLO. Also, it is not difficult to imagine that the seasonal
cycle and inter-annual variability [Hurley and Galewsky,
2010a] of the water vapor isotope composition of the sub-
tropical middle troposphere is linked to variability of mixing
and the large-scale circulation. The role of mixing and
advection-condensation in resolving longer period variability
of subtropical water vapor isotope ratios remains unresolved
and left for future research.
[37] Circulation and temperature changes associated with

global warming are expected to alter the humidity of the sub-
tropics, a critical aspect of the water vapor feedback [Galewsky
and Hurley, 2010]. Given the projected humidity and circu-
lation changes in response to global warming [Lorenz and
DeWeaver, 2007; Lu et al., 2007; Vecchi et al., 2008; Yin,
2005] and the projected changes in LSP distributions [Hurley
and Galewsky, 2010b; Wright et al., 2010], we would expect
the heavy to light stable isotope ratio of water vapor in the dry
subtropics to be altered in ways that can be predicted by
GCMs. Representation of these processes in GCMs can be

Figure 10. MLO specific humidity; (a) observed overnight and reconstructed from (b) Eulerian and
(c) Lagrangian (ERA-Interim -solid; NCEP –dashed) last saturation models. MLO water vapor dD values;
(d) observed overnight and reconstructed from (e) Eulerian and (f) Lagrangian (ERA-Interim -solid; NCEP
-dashed) last saturation models. Correlation coefficients (r) are indicated for the reconstructed time series
versus the observed overnight data. In Figures 10c and 10f are the curves for the plus or minus one standard
deviation of the ERA-Interim-based Lagrangian reconstructions, as light gray solid lines.
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evaluated by comparing GCM output against observed q and
dD values. dD provides an additional constraint on humidity,
allowing assessment of GCM simulations of future humidity
changes.
[38] This study is limited in that it does not account for

moistening that may occur within the free troposphere
(unrelated to the source water) following last saturation and
we use a simple Rayleigh model that does not account for
kinetic effects. Yet this simple approach can be used to
account for much of the temporal variability of isotopes in the
subtropical free troposphere. Finally, from this four-week
period we find that about 1–3% per hour mixing of source
vapor as a function of time since last saturation from the
marine boundary layer improves our approximation of
observed water vapor and isotope mixing ratios at MLO.
Only a small fraction of mixing is required because the
boundary layer has much greater humidity than the dry air

Figure 11. Joint normalized probability distributions of q
and dD. (a) The observed overnight (gray contours) and
the NCEP q with the IsoGSM dD values. (b and c) The
observed overnight (gray contours) and the reconstructed
(black contours) distributions. Contour intervals are 10%.
Eulerian reconstructed values are plotted in Figure 11b and
Lagrangian (ERA-Interim) reconstructed values are plotted
in Figure 11c, both as black contours. Symbols (discussed
in text) indicate maximum probability for reconstructions
(squares) and observed overnight (stars). Rayleigh curve at
left (right) begins at saturation specific humidity for lifting
condensation level temperature of 273 K (298.5 K).

Figure 12. Eulerian mixing experiment. Time series of the
Eulerian mixing experimental (solid black) and observed over-
night (solid gray) (a) q (g/kg) and (b) dD (‰). (c) Joint normal-
ized probability distributions of q and dD; observed over-night
(gray contours) and experimental reconstructed values (black
contours). Contour intervals are 10%. Eulerian experimental
reconstructed values (black contours) reflect a reconstruction
assuming all of the air at MLO is from the tracer domain asso-
ciated with the maximum probability. Star and Rayleigh curves
are as in Figure 11. Maximum probability associated with the
reconstructed values is off of the y axis to the bottom left.
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saturated upstream. This finding suggests that even very
infrequent exchange of moisture between the boundary layer
and free troposphere can dramatically influence the moisture
balance of the subtropics.
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